We explored the role of microcirculation integrity following the chronic occlusion of an infarct-related artery to assess the behaviour of collateral circulation during and after reperfusion by coronary angioplasty
Introduction
Coronary angioplasty is frequently used to reperfuse an occluded coronary vessel, sometime after a myocardial infarction, and the importance of maintaining an open infarct-related artery has been stressed by many authors [1] [2] [3] . Chronic coronary occlusions can be supplied by collateral channels developed to maintain flow within the myocardium previously perfused by the infarct related artery [4] [5] [6] . However, while collateral flow may allow sufficient myocardial perfusion under basal conditions, perfusion may not be adequate when myocardial metabolic needs increase [7, 8] ; and regional myocardial function can worsen from hypokinesia to dyskinesia, depending on the adequacy of coronary collateral flow [9] . Nevertheless, a good result after late reperfusion depends not only on PTCA success, but also on the microvascular integrity of the related regions [10, 11] . The microcirculation has been studied by different techniques, and recently myocardial contrast echocardiography has been shown to have potential in evaluating small vessel patency; it is an easy, safe and inexpensive technique [12] . Other studies have already proven the efficacy of contrast echocardiography in studying collateral circulation [13, 14] . This study involved evaluating the behaviour of the intercoronary collateral circulation after reopening an occluded left anterior descendent artery in patients with a previous myocardial infarction. The aim was to verify the hypothesis that myocardial microvascular function, related to the adequacy of collateral flow, in the infarctrelated areas, is of critical importance for myocardial viability.
Methods

Study population
More than 3 weeks following occlusion of the left anterior descending coronary artery patients with favourable angiographic features underwent an attempt to reopen the infarct-related artery. The study cohort included 18 consecutive male patients (mean age 62·1 years, range 48-75 years) with one-vessel disease, who underwent coronary angioplasty of totally occluded proximal left anterior descending coronary arteries.
We selected patients with a significant intercoronary collateral circulation (score 3/3) abundant collateral vessels, with rapid and complete filling of the infarct-related artery according to the usual angiographic criteria [4] . Exclusion criteria included: stenosis >50% in more than one coronary vessel, systemic hypertension, more than one previous myocardial infarction, an intracoronary collateral network or left coronary dominance.
All patients had angina on effort and/or documented evidence of residual ischaemia and myocardial viability. Informed consent was obtained from all subjects. Coronary angiography and contrast ultrasound were performed immediately before, and at 5 and 15 min and 12 h after coronary angioplasty. All patients had a clinical, echocardiographic and angiographic follow-up 6 months later (Fig. 1) .
Coronary angiography
Angiography was performed from the right femoral approach according to the usual technique. Left and right 8F Judkins catheters were used to engage the coronary ostia and the angiographic images were recorded using a digital system (Advantx, GE Medical System, Paris, France). Coronary flow was graded according to TIMI classification.
Myocardial contrast echocardiography
A radiographic non-ionic low osmolar dye (Iopamide) was sonicated by an ultrasonic cell disruptor (Microson, Heat Systems Inc., New York, U.S.A.). This device is able to create microbubbles with a mean diameter of 6 m in a concentration of 5 10 5 2 10 5 /ml after 1 min sonication at 7-8 KHz energy transmission. Eight to 10 cc of sonicated dye was selectively injected in the right and left coronary arteries. After injection, the coronary catheter was withdrawn from the ostium, to allow blood flow to perfuse the coronary vessel freely.
Echocardiographic imaging was started before the injection and continued until wall echocardiogram enhancement disappeared completely. Contrast echocardiographic images were acquired via the transthoracic approach using the apical four chambers, and parasternal long and short axis views. With the patient lying in a recumbent position, a commercial echomachine (Vingmed) equipped with a 2·5-3·75 MHz mechanical transducer was used. Gain control was maintained constant during the acquisition of data and the images were stored on videotape for further analysis.
Myocardial enhancement was evaluated by a semiquantitative score grading from 0 (no perfusion) to 3 (homogeneous transmural perfusion); grade 1 indicated epicardial-limited enhancement and grade 2 an irregular 'patchy' pattern (Fig. 2) .
Regional left ventricular wall motion was analysed, according to the 16 segments International Score System, to evaluate the presence of hypokinesia, akinesia and dyskinesia. The Wall Motion Score Index was evaluated for each patient at the basal examination and at 6 months' follow-up. It was not always possible to read all 16 segments for each patient, if visualization of segments related to the infarct-related artery was poor, or the view of left ventricular segments was unacceptable. If this occurred the patient was excluded from the study. Ultrasound findings at the 6-month follow-up were compared with wall motion at the basal examination. Images were evaluated by two independent blinded operators to validate the method: inter-observer agreement was 97%.
Interventional procedures
Coronary angioplasty procedures were performed by the right femoral approach, using 8F large lumen guide catheters which engaged the left coronary ostium. The left anterior descending coronary artery was crossed by a 0·014 inch intermediate guide wires or Magnum-Meier Revascularization Wire (Schneider Europe Inc, Bü lach, Switzerland). The left anterior descending coronary artery was dilated using semi-compliant or noncompliant balloons, sized according to the vessel diameter. Coronary angioplasty results were optimized, when necessary, by stent deployment, using non-compliant, high pressure inflated balloons, with intravascular ultrasound confirmation of successful apposition.
All patients were treated with aspirin and verapamil at oral dose of 240 mg before and during the procedure. Additional intra-procedural anticoagulation with heparin (5000-10 000 UI bolus i.v.) was performed in order to maintain an activated clotting time >300 s. In all patients an 8 French femoral sheath was maintained for a 12 h interval to allow final echocardiographic and angiographic imaging to be performed.
Results
Procedures were successfully completed in 16/18 patients, in six of whom a stent was positioned to optimize the result. Four patients with an inadequate precordial acoustic window were excluded from the study. At 6 months follow up, only one patient (8%) had suffered restenosis and underwent a second coronary angioplasty, while another was referred for aortocoronary bypass surgery due to progression of atherosclerosis.
Angiographic analysis
The final result at 12 h imaging was TIMI (Thrombolysis in Myocardial Infarction) 3 flow in all patients and an immediate decrease in angiographically detected collateral flow with complete disappearance 5 min after the last inflation. Left anterior descending coronary artery flow, 5 min after coronary angioplasty was TIMI 2 in 11 patients and TIMI 1 in one. This patient had persistant intercoronary collateral flow after 5 min and suffered left anterior descending coronary artery reocclusion that was successfully treated by stent deployment. The 12 h control images had TIMI 3 flow.
Echocardiographic results
In 12 patients, 192 left ventricular segments were analysed. The mean wall motion score index was 1·5 0·17 at the basal echocardiogram, which declined significantly to 1·38 0·24 at the 6-month follow-up (P<0·001). Data for each patient are shown in Fig. 3 . There was abnormal motion in 51/192 segments before coronary angioplasty (12 dyskinesia, 23 akinesia, 16 hypokinesia). 21/51 segments (40%) had no perfusion (grade 0).
At the basal examination, the contrast echocardiography from the left coronary artery indicated perfusion in 81/192 segments and right coronary artery perfusion was present in 90/192 segments. In studies performed 5 and 15 min and 12 h after coronary angioplasty, there was progressive reduction of left ventricular right coronary artery perfused segments with a simultaneous and progressive increase in contrast enhancement from the left coronary artery (Table 1) .
After 12 h the 41 right coronary artery perfused segments were taken to be the basal perfusional pattern 
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of right coronary artery, while 49 segments were identified as those perfused by intercoronary collateral circulation (Table 2) . A group of 21/51 left ventricular segments showed no perfusion (grade 0) before or after coronary angioplasty and had abnormal motion (9 akinetic, 12 diskinetic). These segments showed no improvement at the 6-month follow-up. All segments not perfused had abnormal wall motion. Contrast echocardiography indicated that a group of 30/51 segments with abnormal motion were perfused (17 grade 3, 5 grade 2, 8 grade 1). Among these, in 16 (9 hypokinetic, 7 akinetic) with normal (grade 3) perfusion, wall motion improved after the 6-month follow-up. Two akinetic and grade 2 perfusion segments and two hypokinetic segments (1 grade 1 and 1 grade 2) also showed improvement of motion after 6 months. Five hypokinetic (3 grade 1, 1 grade 2, 1 grade 3) segments and five akinetic segments (1 grade 2, 4 grade 1) showed no motion improvement after 6 months (Table 3) (Fig. 4) .
Discussion
As the techniques of angioplasty have improved, late reperfusion of infarct-related arteries has resulted in good angiographic results. Chronic total occlusion is one of the most difficult and disappointing settings for mechanical intervention; nevertheless, many authors believe that reopening occluded coronary arteries, especially the left anterior descending coronary artery [15] [16] [17] , improves prognosis.
Restoring blood flow in the infarcted artery in the subacute or late phase is potentially successful if dysfunctioning myocardium has been adequately preserved by collateral circulation. The development of a collateral network offers, at rest, adequate flow to the left ventricular segments previously perfused by the infarct artery, but this mechanism may not be adequate when myocardial needs increase, resulting in development of provocable ischaemia and ischaemia-related symptoms. This clinical syndrome results in either chronic left ventricular ischaemia with the presence of viable (hibernating) or non-viable myocardium [18] . Coronary angiography can demonstrate the presence of anatomical pathways between the controlateral artery and the occluded infarct artery [19] . However, it provides little information about the functional activity of the regional circulation. The microvascular integrity of myocardial segments undergoing reperfusion have been studied and recently it has been demonstrated that contrast echocardiography can visualize coronary (1) 5 (3) 17 (16) 51 (20) ( )=left ventricular segments that have improved motility by the 6 month follow-up. microcirculation through collateral flow [20, 21] . After reperfusion of a chronically occluded artery with good collateral circulation, the angiographic disappearance of the epicardial collateral vessels has been reported, which suggests the reestablishment of antegrade blood flow through the reperfused vessel [22] . Coronary angiography limitations in visualizing collateral network behaviour are well known and include poor resolution for small vessels (<100 m diameter). Other studies have shown a relationship between collateral blood flow and recent myocardial infarction [4] . Thus, to date, it is not well understood how the microcirculation reacts after reopening of infarctrelated vessels [23] . In this study, we were interested both in the immediate behaviour of the collateral circulation after anterograde flow reestablishment and in its functional significance in relation to long-term follow-up of infarct regions related to a chronic occluded vessel treated with coronary angioplasty.
Collateral circulation behaviour
The coronary collateral circulation develops during gradual luminal reduction and as a consequence of the development of intra-or inter-coronary pressure gradient, with recruitment of preexisting, non-functioning, vascular channels [24, 25] . The rapid reopening of a previously closed artery by coronary angioplasty, diminishes the intra-or inter-coronary gradient.
The data of this study show that the time-related adaptive mechanism of the epicardial myocardial network, as demonstrated by angiographic collateral circulation, disappears immediately after reperfusion, and that the microvascular collateral network persists for at least 15 min, correlating with a gradual improvement in the left anterior descending coronary artery antegrade flow (Fig. 5) .
While collateral epicardial vessel patency depends on a pressure gradient, the behaviour of the microvascular circulation probably depends on other factors. Previous studies have demonstrated that microvascular collateral patency is affected by several metabolic factors, including adenosine, bradykinins and nitric oxide [26, 27] . Reopening of an occluded vessel does not invariably improve perfusion ('no reflow' phenomenon), presumably due to microvascular injury [28] , and time dependent changes in a myocardial infarction area have been demonstrated by contrast ultrasound [29] . Moreover, any interventional procedure in the coronary arteries may provoke unexpected vasoconstriction, as a consequence of dysfunctional endothelium. Thus, the temporal delay we have observed in reperfusion could be explained by a momentary altered balance between vasodilation and vasoconstriction in the infarct artery.
The dependence of the epicardial collateral circulation on the presence of an instantaneous pressure gradient is confirmed by the observation of the immediate recruitment of angiographically detectable collateral flow in a patient in whom the left anterior descending coronary artery reoccluded.
Myocardial viability
Our data confirm that an efficient microvascular collateral flow can maintain myocardial viability and enhance myocardial wall motion in left ventricular segments previously perfused by the infarct-related artery. The presence of a grade 3 contrast echo score has a high specificity in detecting myocardial viability; only one segment with homogeneous transmural echocardiographic enhancement failed to show motion improvement at the 6-month follow-up (specificity 98%). In this segment, there was probably an intact microvascular network despite irreversibly damaged myocytes. The absence of microvascular perfusion detected by contrast echocardiography, recognized all the irreversibly damaged myocardial segments (100% sensitivity). As other authors have demonstrated [18] , when echocardiographic enhancement is not present there will be lack of motion improvement at follow-up. In our experience, the contrast echocardiographic intermediate scores gave a poor predictive value. In only 43% of cases was the functional improvement at long-term follow-up indicated. This unsatisfactory result can be explained by the technical bias of a semiquantitative score, but may also reflect the anatomofunctional background, such as the presence of perfusion even in areas with patchy scarred connective tissue and too few functional contractile fibres to allow any motion improvement.
In other recent works on the evaluation of hibernating myocardium by contrast echocardiography, specificity was found to be lower (59%) than observed in this study [30] . This difference is probably due to the different methodology used to assess echocardiographic enhancement. The high specificity obtained in our experience concerns only segments with a homogeneous 
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positive pattern (score 3). Specificity calculated on all positive segments (score 1-3) is lower (70%).
Study limitations and conclusions
Limitations in contrast echocardiographic techniques have been discussed in previous studies and include the lack of an adequate acoustic window, due to the supine position of the patients, gain setting, injection volume and speed [31] . Nevertheless, contrast echocardiography is an inexpensive procedure that can be easily performed in the catheterization laboratory and in our experience, during coronary angioplasty. It provides useful information on myocardial viability and microcirculation status. The semiquantitative evaluation of echocardiographic enhancement represents a limitation of the study. The small number of patients also limits statistical analysis. Moreover, the time-dependent disappearance of the collateral circulation demonstrated with contrast echocardiography should be further investigated with coronary reserve measurement.
This work shows that contrast echocardiography provides further details on microvascular integrity in areas perfused by a chronically occluded infarct-related artery, and demonstrates the extent of the collateral circulation network and its behaviour after vessel reopening. We were also able to evaluate the usefulness of coronary angioplasty in total chronic occlusions. Contrast echocardiography was shown to have a high positive predictive value in detecting myocardial viability.
